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When bound to ADP, ATP-dependent protease FtsH subunits adopt either an ‘‘open’’ or ‘‘closed’’ con-
formation. In the open state, the protease catalytic site is located in a narrow space covered by a lid-
like helix. This space disappears in the closed form because the lid helix bends at Gly448. Here, we
replaced Gly448 with various residues that stabilize helices. Most mutants retained low ATPase
activity and bound to the substrate protein, but lost protease activity. However, a mutant proline
substitution lost both activities. Our study shows that the conformational transition of the lid helix
is essential for the function of FtsH.
Structured summary of protein interactions:
FtsH and FtsH bind by molecular sieving (View Interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction inter-subunit tunnel to the pore motif [7]. In the closed conforma-Escherichia coli FtsH, a member of the ring-shaped AAA+ prote-
ase family [1,2], is an essential, membrane-bound protease that
degrades r32 and free subunits of membrane protein complexes
[3–6]. Crystal structures of the hexameric ADP-bound cytosolic re-
gion of FtsH from Thermus thermophilus and Thermotoga maritima
revealed a double-disk structure: one made of 3-fold (T. thermophilus)
or 2-fold (T. maritima) symmetric AAA+ domains, and another
made of 6-fold symmetric zinc-containing protease domains
[7,8]. In the structure of T. thermophilus FtsH, each subunit adopts
either an ‘‘open’’ or ‘‘closed’’ conformation which is alternately
aligned in a hexamer ring making the architecture of FtsH a trimer
of dimers [7] (Fig. 1A and B). The closed subunit is believed to be
ATPase-active since arginine residues critical for ATPase activity
from the adjacent subunit are in the vicinity of the bound ADP only
in the closed subunit. Distinct from typical AAA+ proteases that
have a large central cavity [2,9], the protease catalytic domain of
FtsH is located at the bottom of a narrow space covered by the
lid helix (R443-E455) of the AAA+ domain (Fig. 1B and C). This
space exists only in the open subunit and is connected by anchemical Societies. Published by E
jp (M. Yoshida).tion, the AAA+ domain moves toward the protease domain and the
lid helix is pushed down, inducing a bend at position G448. The
bent segment ﬁlls in the empty space and the protease active site
becomes inaccessible (Fig. 1C), making the closed subunit proteo-
lytically inactive. Based on these structural features, we propose
that ATP hydrolysis in the closed subunit induces an opening mo-
tion of this subunit and a closing motion of the adjacent subunit,
which cooperatively drives the translocation of the substrate poly-
peptide from the pore motif to the protease active site [7]. In this
study, we measured the ATP hydrolysis and protease activities of
mutants in which G448 in the lid-helix was replaced with residues
that have a propensity to resist the bend formation or to ﬁx the
bent-like conformation. Consistent with the proposed mechanism
of polypeptide translocation, these results show that the conforma-
tional transition of the lid helix is critical for the protease activity.
2. Materials and methods
2.1. Proteins
a-Casein was purchased from Sigma and FRETS-25 Leu peptide
from Peptide Institute, Inc. Expression and puriﬁcation of wild-
type and mutant FtsH were carried out as described [10] exceptlsevier B.V. All rights reserved.
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Fig. 1. Open and closed structure of FtsH subunits. The crystal structure of subunits of T. thermophilus FtsH in the closed (yellow) and open (grey) conformation (4EIW). The
lid helix (helix 14) is shown in green, G448 (ball) in red, N302 (ball) in blue, ADP (stick) in red, and the protease catalytic site in purple. (A) The hexameric structure of ADP
bound soluble region of FtsH. (B) The closed and open subunit in the opposite location. (C) The conformational changes of the lid helix in the open and closed subunit.
3118 R. Suno et al. / FEBS Letters 586 (2012) 3117–3121for some modiﬁcations. Brieﬂy, E. coli C41 (DE3) harboring pAFH2
was treated with IPTG and the cells were harvested after 2 h. The
cells were disrupted by French press, and the pellet of 100000g
centrifugation was solubilized with 1% Nonidet P40. The solubi-
lized fraction was treated with Ni-NTA Superﬂow resin (Qiagen)
equilibrated with buffer containing 0.05% n-Dodecyl-b-D-malto-
side. The resin was packed into a column and proteins were eluted
by imidazole. The fractions containing full-length FtsH were
pooled and stored at 80 C. The wild-type protein used in this re-
port contains a C250A mutation [11].2.2. Gel-ﬁltration analysis
A Superdex™200 column (GE healthcare) was equilibrated with
an ATP-containing buffer (50 mM HEPES-KOH,pH 7.5,300 mM
KCl,0.02% n-Dodecyl-b-D-maltoside,2 mM MgSO4,1 mM ATP).
Puriﬁed wild-type and mutant FtsH (5 lM) was incubated in
ATP-containing buffer for 5 min at 55 C and centrifuged for 1
min. An aliquot (20 ll) of this solution was loaded on a gel-ﬁltra-
tion column. The column was eluted with ATP-containing buffer
at a ﬂow rate 0.5 ml/min at 55 C. The elution of proteins was
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R. Suno et al. / FEBS Letters 586 (2012) 3117–3121 3119monitored by absorbance at 290 nm. Molecular mass standards
used were thymoglobulin (669 kDa), ferritin (440 kDa), aldlase
(158 kDa), conalbumin (75 kDa), ovalbumin (43 kDa). These pro-
tein standards were analyzed at room temperature.
2.3. Assays of ATPase, protease and peptidase activity
ATPase activities of FtsH (0.5 lM) was measured in the reaction
buffer (50 mM HEPES-KOH, pH 7.5,150 mM KCl,0.02% ‘‘-Dodecyl-
P-D-maltoside,5 mM MgSO4,2 mM ATP) at 55 C. The reaction
started by the addition of 2 mM ATP. An aliquot was transferred
into 2% perchloric acid on ice and Pi was measured with BIOMOL
GREEN reagent (Enzo Life Science).
BODIPY-casein (0.5 lM) or FRETS-25 Leu (50 lM) in the reac-
tion buffer (50 mM HEPES-KOH,pH 7.5,150 mM KCl,0.02% ‘‘-Dode-
cyl-P-D-maltoside,15 mMMgSO4,10 mM ATP) was incubated for 5
min at 55 C with 0.1 lM puriﬁed FtsH and the reaction was
started by the addition of ATP (10 mM). Degradation of BODIPY-
casein and FRETS-25 Leu was monitored by an increase in ﬂuores-
cence (excitation and emission; 485 nm and 530 nm (BODIPY-
casein) and 340 nm and 440 nm (FRETS-25 Leu)). Assays were car-
ried out at 55 C due to the thermophilic nature of T. thermophilus
FtsH.wild-type
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Fig. 2. Gel-ﬁltration of the lid helix mutants. Hexamer formation of wild-type and
lid-helix mutants of FtsH was analyzed by gel-ﬁltration chromatography in the
presence of ATP at 55 C. Details are described in Materials and methods.3. Results and discussion
3.1. Mutations predicted to stabilize the lid helix
The atomic model (Protein Data Bank,2DHR) of the soluble re-
gion of T. thermophilus FtsH was reﬁned again and improved (R-
free,31.1% from 34.2%; R-work, 29.9% unchanged). In this revised
model (4EIW), a part of the lid helix (R443-F449) is in non-helical
conformation in the closed subunit (Fig. 1C), although this part in
the previous model forms the helical conformation in both open
and closed subunits. To know the contribution of the lid helix to
ATP-dependent protease activity of FtsH, we generated mutants
of full-length FtsH in which the Gly residue at position 448 was re-
placed individually by Ala, Ile, Leu, Val, and Pro (termed as
G448A,G448I,G448L,G448V, and G448P, respectively). Since it is
known that Gly tends to destabilize helices, replacement of G448
with Ala, Val, Leu and Ile, respectively, should result in a reduced
propensity to induce the bend [12]. Consequently, the lid helix in
these mutants may prevent the closing motion of the AAA+ domain
and impede the formation of the native closed form. In the case of
the G448P mutant, the conformational ﬂexibility of the lid helix re-
gion might be lost because the Ca-N dihedral angle (/) of Pro is
ﬁxed at around 60 [13]. The conformation around the proline
residue should resemble the bend since the / value is closer to
the value in the closed form (/ = 71.7) than the value in the open
form (/ = 40.3).
3.2. G448 FtsH mutants are able to form stable hexamers
We tested the stability of the FtsH mutant hexamers by gel-ﬁl-
tration analysis in the presence of ATP. The main peaks of all G448
mutants and wild-type protein appeared at the position equivalent
to 580 kDa, which is the molecular mass of the hexamer (Fig. 2).
This result shows that the mutations at G448 do not interfere with
the assembly of FtsH into the hexamer.
3.3. Mutants except G448P have modest ATPase activities and retain
normal protein substrate binding
Next, we tested the ATPase activity of the mutants. The G448A,
G448V, G448L and G448I mutants retained modest ATPase activityranging between 15  30% of that of the wild-type enzyme
(Fig. 3A). The published crystal structure of FtsH has revealed that
N302 interacts with the lid helix in the open form but, in the closed
form, with residues in the ATPase catalytic site (and possibly with
the Y-phosphate of ATP) [7]. In these mutants, the exchange of
N302 with its interaction partner might occur inefﬁciently due to
preventing a stabilized lid helix in the bent conformation. On the
other hand, the G448P mutant loses ATPase activity completely
and is unable to cycle between open and closed conformations be-
cause the lid helix is locked in a closed state. Thus, the conforma-
tional transition of the lid helix might be essential for the ATPase
activity of FtsH. In the presence of a-casein, an unfolded protein,
the ATPase activities of the mutants, except G448P, were stimu-
lated (Fig. 3, black bars), indicating that these mutants are able
to bind to a-casein. Titration of the extent of stimulation with a-
casein gave the apparent dissociation constants for a-casein of
1.04 ± 0.19 lM (wild-type), 0.53 ± 0.34 lM (G448A) and 0.40 ±
0.12 lM (G448L) (Fig. 3B).
3.4. Bending of the lid helix is critical for the ATP-dependent protease
activity
The protease and peptidase activities of these mutants were
tested. When casein, labeled with ﬂuorescent dye for the detection
of casein degradation (BODIPY-casein), was used as a substrate, all
of the mutants with the exception of the G448A mutant were un-
able to degrade the substrate regardless of the presence or absence
of ATP (Fig. 4A). The G448A mutant retained about half of the ATP-
dependent protease activity of the wild-type enzyme, most likely
attributed to the small size of the Ala residue. Interestingly, pepti-
dase activity was more dependent on Gly at position 448 than its
protease activity. When a short polypeptide made of ten amino
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Fig. 3. ATPase activities of the lid helix mutants. (A) ATPase activities of wild-type
and lid helix mutants of FtsH in the presence or absence of a-casein at 55 C. ATPase
activities were expressed as the turnover number/monomer FtsH. (B) a-Casein
concentration dependence of ATPase activities of wild-type and lid helix mutants of
FtsH. Details are described in Materials and methods.
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Fig. 4. Protease and peptidase activities of the lid helix mutants. Degradation of the
ﬂuorescent-dye labeled substrate was monitored with an increase in ﬂuorescence.
(A) Protease activities. BODIPY-casein was used as the substrate. (B) Peptidase
activity. A peptide made often amino acids (FRETS-25 leu) was used as a substrate.
Details are described in Materials and methods.
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25 Leu), was given as a substrate, all mutants including G448A
failed to degrade it (Fig. 4B). These observations clearly show that
the conformational transition of the lid helix plays a critical role in
ATP-dependent substrate degradation.
3.5. Substrate translocation would be impaired by lid helix mutations
When a substrate polypeptide is digested by AAA+ proteases, it
is processed in an ordered manner: (i) binding, (ii) unfolding, (iii)
translocation, and (iv) digestion [2]. The lid helix mutants that sta-
bilize the helical conformation of the lid helix can bind to a sub-
strate protein normally. The unfolding step was not examined
since a-casein and short peptide used in this study were unfolded
from the beginning. The catalytic ability of the protease active site
itself would not be impaired by distant mutations in the lid helix.
Therefore, it is reasonable to assume that substrate translocation
might be responsible for the loss of protease activity of these mu-
tants. The wild-type FtsH uses energy from ATP hydrolysis, directly
or indirectly, to drive the translocation. These mutants retain ATP-
ase activities to a certain extent and, therefore, their ATP hydrolysis
is uncoupled from translocation of substrate protein. The mutant
G448P, which stabilizes the bent conformation of the lid helix re-
gion, loses ATPase activity and protease activity completely. Our
data suggest that the conformational transition of the lid helix re-
gion is essential for functional FtsH, most likely contributing to thetranslocation of a substrate polypeptide into the protease active
site. Transition of the helix and a more ﬂexible conformation at
the lid helix region are also indicated in the crystal structure of
ADP-bound T. maritima FtsH [8], further reinforcing our hypothesis.
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